In this study, polymer composites containing amorphous FeB particles with large particle size distribution were fabricated. A polymer composite of mixed particles showed a high relative permeability of ® 0 r = 9.3 at 1 GHz. In addition, the composite exhibited good microwave absorption properties (R.L. < ¹20 dB) in the frequency range of 0.61.1 GHz for absorber thickness of 2.44.2 mm. Thus, this polymer composite can be used for fabricating microwave absorbers that are effect in the 0.71.0 GHz band, and would result in microwave absorbers thinner than any other microwave absorbers reported to date.
Introduction
Recently, the number of communication devices that operate in the microwave band has increased considerably. Moreover, the markets for mobile phones (0.72.0 GHz), and radiofrequency identification systems and smart meters (0.9 1.0 GHz) are expected to grow rapidly. Thus, electromagnetic interference and information leakage have become serious problems. For this reason, microwave absorbers using spineltype ferrite 14) or metallic magnetic materials 57) are now widely used. Because of the high flexibility of microwave absorbers consisting of polymer composites of magnetic powders, such microwave absorbers are preferred over those consisting of sintered bodies.
With the current trend of developing miniaturized and lightweight devices, thinner microwave absorbers have become necessary. However, the major obstacle to the wider application of polymer composites with ferrite or metallic materials is that adequate microwave absorption is achieved at only a considerable thickness due to their low relative permeability, ® r . This low ® r results from the low permeability of magnetic particles, ® i , in the high frequency range, as shown by Bruggeman's equation:
Here, V f is the volume fraction of magnetic particles and ® m is the relative permeability of binder. From eq. (1), high V f and high ® i are necessary to obtain polymer composites with high ® r . Amorphous alloys are high ® i materials because of their low magnetocrystalline anisotropy. Shimada et al. 10) reported that amorphous FeBP submicrometer particles show high relative permeability ® i (= 12 20) in the high-frequency range, higher than those of ¡-Fe 5) and FeCo 7) particles. Therefore, to develop thinner microwave absorbers, the use of amorphous alloys with high ® i should be effective in overcoming the problems with polymer composites.
Our group has reported that polymer composites with amorphous FeB submicrometer particles 11) show higher permeability (® i = 16, ® r = 8.5) at 1.0 GHz. These polymer composites allow for microwave absorbers thinner than ones using ¡-Fe, FeCo, and spinel ferrite. 12) Moreover, an improvement in the V f of polymer composites with amorphous FeB submicrometer particles will increase ® r , as predicted in eq. (1) . Note that particles with a bimodal distribution show a higher volume fraction than monodisperse particles, since smaller particles fill the gaps between larger particles. 13, 14) Further improvement in V f is expected from using amorphous FeB submicrometer particles with a large size difference. In this study, polymer composites were fabricated using amorphous FeB submicrometer particles (AFBS) and fine amorphous FeB particles (FAFB). The magnetic and microwave absorption properties of these polymer composites were investigated. From the obtained results, the possibility of using these polymer composites as microwave absorbers is discussed.
Experimental Procedure
AFBS were synthesized under reducing conditions at 278 K by adding sodium borohydride to an aqueous solution of iron chloride. In a typical experiment, FeCl 2 ·4H 2 O and sodium citrate were dissolved in 450 mL of deionized water, to which aqueous solutions of NaBH 4 were then added. The resulting black mixture was stirred for another 10 min to complete the reaction. The precipitated particles were collected with a magnet and rinsed several times with ethanol.
FAFB were synthesized by adding Pt ions 10) and poly(vinylpyrrolidone) (PVP) 15) to control the size of the particles. In a typical experiment, FeCl 2 ·4H 2 O, trisodium citrate, H 2 PtCl 6 ·6H 2 O, and PVP (molecular weight: 55,000) were dissolved in 400 mL of deionized water, to which an aqueous solution of NaBH 4 was then added. The resulting black mixture was stirred for another 10 min to complete the reaction. The precipitated particles were collected with a magnet and rinsed several times with ethanol.
Polymer composites were fabricated as follows. Ethanol solutions of AFBS and FAFB were vigorously stirred for 1 h. The mixed particles were then combined with PVP in +1 ethanol. The amount of PVP was 3.0 mass% in the total input. They were collected and compacted into a torus (º out : 7.00 mm; º in : 3.04 mm; t = 0.51.5 mm).
The microwave absorption properties of the polymer composites were measured with a vector network analyzer (VNA; Agilent Technologies, 8722ES). From the scattering parameters measured by the coaxial method using VNA in the frequency range of 0.310 GHz, the relative permeability (® r ¼ ® 0 r À j® 00 r ) and permittivity (¾ r ¼ ¾ 0 r À j¾ 00 r ) were calculated. Then, ® r and ¾ r were used to calculate the reflection loss (R.L.) at a frequency ( f ) and a thickness (d) for each sample by using
and
where Z in is the impedance of the sample and Z 0 is the impedance of air. 16) When R.L. is less than ¹20 dB, the sample absorbs 99% of the microwaves, thus exhibiting good microwave absorption properties. The thickness of the sample and the frequency corresponding to the lowest R.L. are defined as the "matching thickness (d m )" and "matching frequency ( f m )," respectively. Hence, the product of f m and d m ( f m · d m ) can be used to evaluate the microwave absorption properties; a smaller f m · d m product suggests that a sample is a thinner microwave absorber when used at the same frequency.
The phases present in the samples were determined by X-ray diffraction (XRD) analysis. The microstructure was observed by scanning electron microscopy (SEM). The chemical composition of the particles was analyzed by using an electron probe microanalysis system equipped with a wavelength dispersive spectrometer (WDS). The magnetic properties were measured by using a vibrating sample magnetometer (VSM).
Results and Discussion
AFBS and FAFB were prepared by chemical reduction. Figure 1 shows SEM images of the sample particles. The SEM image (shown in Fig. 1(a) ) indicates that AFBS are composed of spherical particles with a median diameter of 0.35 µm. On the other hand, FAFB are composed of spherical particles with a median diameter of 0.10 µm as shown in Fig. 1(b) . Therefore, adding Pt ions and PVP was effective for preparing particles of smaller diameter. It is known that Pt ions work as nuclei for mono-disperse precipitation of transition metal particles.
10) The composition of each sample was as follows: 7080 atom% Fe and 2030 atom% B. AFBS and FAFB were found to be amorphous from the XRD patterns, shown in Fig. 2 . Figure 3 shows the hysteresis loops of the samples. The saturation magnetization (· S ) was measured under a magnetic field of 0. which is lower than that of AFBS. This can be explained in terms of the addition of Pt, a nonmagnetic material. Polymer composites of the above ferromagnetic particles were prepared. The real part of the relative permeability ® 0 r,1GHz , volume fraction of magnetic particles V f and relative permittivity of the polymer composites were plotted against the volume ratio of FAFB to the total number of particles (I = FAFB/(AFB + FAFB)) in Fig. 4 . V f was calculated using
where D comp is the density of the polymer composite. The theoretical densities of amorphous Fe20 atom% B (7.4 © 10 3 kg·m ¹3 ) 18) and PVP (1.1 © 10 3 kg·m ¹3 ) are used in the calculation of eq. (4). The horizontal dashed line indicates ® 0 r,1GHz and V f of the polymer composite with only AFBS. From Fig. 4(a) , the addition of FAFB increases both V f and ® i,1GHz is due to the lower saturation magnetization of FAFB. The relative permittivity increases with FAFB addition. This is because of increase in volume fraction of electrically-conductive particles. Figure 5 shows the frequency dependence of the complex relative permeability for the polymer composites (I = 0, 0.20). The polymer composite (I = 2.0) exhibits a higher relative permeability than the sample of I = 0 at approximately 1 GHz. The addition of FAFB results in a shift in the resonant frequency ( f r ) of the polymer composites (from 2.6 to 1.8 GHz), and hence to a decrease in relative permeability in the high frequency range. Here, f r is the frequency where the imaginary part of relative permeability ® 00 r is at its highest. The decrease of f r indicated the demagnetizing factor of polymer composite decrease by FAFB addition. The demagnetizing factor decreases with increasing the volume fraction of magnetic particles in polymer composites. 19) Therefore, an adequate amount of FAFB is required to obtain polymer composites with a high V f and a high ® 0 r,1GHz .
The SEM images of the polymer composites with I = 0, 0.20 is shown in Fig. 6 . Comparing Fig. 6(a) with Fig. 6(b) reveals that some of FAFB were situated in the gaps between AFBS. The analysis of the SEM images gave the size distributions of the particles. Figure 7 shows the particle size distributions of the mixed particles. The particle size distributions of the AFBS and FAFB show single peaks at 0.35 and 0.10 µm, respectively. Mixed particles show a broadened peak or twin peaks. The improvement in V f can be explained by taking this effect into consideration. However, aggregates of FAFB were also observed in Fig. 6(b) . Therefore, a higher V f is expected to be obtained by minimizing the aggregation of FAFB.
Finally, the microwave absorption properties of the polymer composite with I = 0.20 was evaluated by using eqs. (2) and (3) . Figure 8(a) shows the frequency dependence of reflection loss (R.L.). This sample shows good microwave The polymer composite is located on a line indicating that it has one of the smallest f m · d m products among the microwave absorbers shown. Thus, all the polymer composites reported here have promise to be used in microwave absorbers thinner than conventional ones for the 0.71.0 GHz band.
Conclusions
Adding FAFB is effective in fabricating highly filled polymer composites. Moreover, the polymer composites with AFBS and FAFB show higher relative permeability, with a maximum value of 9.3 at 1.0 GHz than that of polymer composite with AFBS. They also exhibited good microwave absorption properties from 0.61.1 GHz with matching thicknesses of 2.44.2 mm. This result is attributed to their smaller f m · d m products than any other microwave absorbers. Therefore, the polymer composite with AFBS and FAFB can be utilized to prepare thin microwave absorbers for the 0.7 1.0 GHz band. 
